C rop growth responses to rising atmospheric carbon dioxide (CO 2 ) concentration and elevated temperature are often guised in complex simulation models or meta-analyses. A clear message concerning these combined responses is lost in complexity. The intent of this letter is to demonstrate a method of assembling models for communicating crop growth responses to the factors of rising atmospheric CO 2 concentration and elevated temperature, individually and in combination, similar to models assembled by Overman and Scholtz (2002) .
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Abstract: Crop growth responses to rising atmospheric carbon dioxide (CO 2 ) concentrations and potential rising air temperatures can be a challenge for the scientist to convey in a form that the public can understand. Outputs of most modeling studies and meta-analyses of crop responses to these two important variables can be complicated and difficult to comprehend. This paper merges two mathematical formulations, clearly illustrated in two-dimensional graphics, to create a direct representation of crop growth responses to a range of both CO 2 concentrations and air temperatures. The output is a direct graphical view of crop growth responses to both CO 2 and temperature in three dimensions. The threedimensional graphic can be rotated to illustrate representative growth responses from various perspectives.
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Core Ideas
• Most modeling studies of crop growth are complex and difficult to understand.
• Crop growth responses to CO 2 concentration follow an asymptotic exponential function.
• Crop growth responses follow a function of 3 cardinal temperatures: T max , T opt , T min .
• Merged growth responses to CO 2 and temperature produce a visual 3D response surface.
• Graphics convey information easily understood by the general public.
18.2, and 20.7 g m -2 d -1 for CO 2 concentrations of 160, 220, 280, 330, 660, and 990 ppm CO 2 , respectively (Fig. 1A) .
Plant sampling in the temperature experiment occurred on 11, 18, 25, 32, 39, 46, 53, 71, and 85 d after sowing, and the  number of plants sampled per chamber was 48 , 18, 18, 12, 12, 12, 12, 12, and 12, respectively (Pan, 1994) . The linear period of growth was from 39 to 71 d after sowing. The slopes of the lines provided aboveground biomass growth rates ( Fig. 2B ).
Most biological responses to a range of CO 2 concentrations (such as leaf photosynthetic rate or biomass accumulation rate) can be fitted to a form of a Michaelis-Menten function or an asymptotic exponential function that increases toward a limiting maximum value. Microsoft Excel software Solver was used to fit biomass growth rate responses of soybean to CO 2 concentration (e.g., Laverman, 2010) . From the data reported by Allen et al. (1991) and using Solver, aboveground crop growth rate as a function of CO 2 concentration was fitted to an exponential decrease toward a limiting maximum value:
The results are shown in Fig. 1A with the following output: C = -7.06 g m -2 d -1 (intercept on the x axis when CO 2 concentration is zero), A = 28.41 g m -2 d -1 (maximum crop growth rate), and k = 0.003524 (exponential coefficient).
Many, but not all, biological responses to a range of temperatures can be fit to a b-function curve using three cardinal temperatures: a minimum temperature (T min ), an optimum temperature (T opt ), and a maximum, or biological response failure, high temperature (T max or T fail ). Yan and Hunt (1999) developed a simplified formula that included T opt and T max only. In addition, Yan and Hunt (1999) showed that many responses of maize (Zea mays L.) crop development and biomass growth to temperature fit a curve with T opt = 31°C and T max = 41°C. Kim et al. (2007) reported similar T opt and T max values for maize canopy photosynthetic CO 2 exchange rates using the Yan and Hunt (1999) function. Therefore, this type of response function was used to fit the crop growth rate as a function of temperature:
where r = the crop growth rate response at temperature T for given values of T max and T opt , and R max = the maximum crop growth rate response when T = T max .
The evaluation of Eq. [2] began by plotting the aboveground biomass (g plant -1 ) against the average temperature of each treatment (Fig. 1B) . Aboveground biomass accumulation was essentially zero at the 48/38°C day/night treatment (average of 43°C), which indicated that this temperature was at or above T max . Linear regressions of the remaining five temperature treatments had slopes of 0.419, 0.469, 0.523, 0.442, and 0.410 g plant -1 d -1 for the respective mean daily temperatures of 23, 27, 31, 35, and 39°C. The average plant density during this experiment was 40 plants m -2 ; therefore, the calculated crop growth rate on a land area basis was 16. 8, 18.8, 20.9, 17.7, and 16 .4 g m -2 d -1 , respectively.
The five experimental aboveground biomass growth rates at CO 2 concentrations ranging from 150 to 990 ppm were fitted to the b-function curve (Eq. [2]) by a T max of 42°C and a T opt of 32°C, as shown in Fig. 1C . The response was extrapolated for additional CO 2 concentrations ranging down to 82 ppm and up to 1200 ppm. The next task was to link the soybean crop growth rate responses of the curve in Fig. 1A to the curve of Fig. 1C . The common treatment in both the CO 2 response study and the temperature response study was 27°C and 700 ppm. The crop growth rate response of this common treatment was 18.9 g m -2 d -1 in the CO 2 response study and 18.8 g m -2 d -1 in the temperature response study. Thus, the CO 2 response function (Eq. [1]) and the temperature response function (Eq. [2]) were easily merged with a negligibly small adjustment.
A crucial assumption is that temperature and CO 2 concentration operate independently in plant growth (i.e., there is no interaction). Sionit et al. (1987a, b ) studied effects of CO 2 concentrations of 350, 675, and 1000 ppm at relatively low day/night temperatures of 18/12, 22/16, and 26/20°C on soybean cultivar Ransom. They found leaf photosynthetic rates responded significantly to both temperature and CO 2 concentration (P < 0.01), without significant interaction. Graphs without statistical analyses showed that leaf, stem, and root weights responded to both temperature and CO 2 concentration with little indication of interaction. Seed yields failed at 18/12°C, but statistical analysis of seed yields was not provided. For CO 2 concentrations of 330 and 660 ppm and higher day/ night temperatures of 26/19, 31/34, and 36/29°C, Baker et al. (1989) found seed yield (g plant -1 ) and seed number (number plant -1 ) of main stems, branches, and total plants generally had a significant response to both CO 2 and temperature, but interactions were never significant. Vara Prasad et al. (2005) summarized a large amount of data and reported no CO 2 by temperature interactions for soybean and similar crops. Most convincing of all, Morison and Lawlor (1999) analyzed the relative response of plant dry matter yield to elevated CO 2 of 106 treatments in 38 studies that included 18 species and six types of enrichment systems. These studies included temperatures ranging from 8 to 33°C. They found no relationship (no interactions) between CO 2 and temperature on stimulation of growth or effects on the biota growth factor. These reports of insignificant interactions give confidence for merging two data sets for producing a CO 2 by temperature response surface for soybean growth rates. In further support, Kirschbaum and Lambie (2015) analyzed data from 78 publications and found that their parameter "Relative Enhancement of Relative Growth Rate by elevated [CO 2 ]" showed no trend across the range from 10 to 40°C for both herbaceous and woody plant species. Kirschbaum (2011) provides background information for analyzing data across the exponential period of growth through the linear period of growth of a closed canopy. Finally, information in Fig. 2C is similar to the analytical Fig. 9 of Busch and Sage (2017) wherein they plotted in three dimensions leaf CO 2 assimilation rate versus leaf temperature and leaf chloroplastic CO 2 concentration, C c , rather than ambient CO 2 concentration.
The array of crop growth rate responses to CO 2 concentration and temperature were plotted as a three-dimensional surface chart with five color-coded surfaces of 0 to 5, 5 to 10, 10 to 20, and 20 to 25 g m -2 d -1 . These surface response charts can be rotated and are presented with four different viewpoints ( Fig. 2A-D) . By rotating the graph, one can illustrate various aspects of the crop growth rate, such as the relatively small responses at suboptimum temperatures and the relatively rapid decline in responses as temperatures rise to supra-optimal levels. Furthermore, the rapid increase in response at low CO 2 concentrations and the approach to a maximum response at high CO 2 concentration are easily observed. These three-dimensional surface plots give a rapid, direct visualization of soybean crop growth rate responses to both CO 2 and temperature that cannot be demonstrated by meta-analysis of diverse sets of experimental data or by complex growth models. This demonstration focused on the linear period of crop growth, but the information is broadly applicable to the whole-season growth responses. Ainsworth et al. (2002) conducted a meta-analysis of 111 studies of soybean responses with an average elevated CO 2 concentration of 689 ppm compared with ambient CO 2 concentration of 352 ppm and reported average increases of 59, 48, 48, 37, and 24% for leaf photosynthesis rate, shoot (stem plus leaf) dry weight, root dry weight, total dry weight at harvest, and seed yield, respectively. The aboveground biomass accumulation rate of soybean during the linear phase of growth used in the current model was 18.2 g m -2 d -1 at 660 ppm versus 12.5 g m -2 d -1 at 330 ppm, indicating an increase of ~46% caused by elevated CO 2 . This ~ 46% increase is similar to the increases of both shoot and root dry weights (48%) reported in the meta-analysis, which provides credence for data used in the development of the simple model.
Conclusions
The results of a soybean study across a range of CO 2 concentrations at one temperature was combined with another soybean experiment conducted across a range of temperatures at one CO 2 concentration ( Fig. 1A-C) to produce three-dimensional plots of soybean crop growth rate as a function of both temperature and CO 2 concentration ( Fig.  2A-2D) . These graphs provide a clear view of crop responses to the combination of elevated CO 2 and temperature that can be easily understood by the general public, whereas complex growth simulation model and meta-analysis outcomes are difficult to understand. The three-dimensional presentation goes beyond the direct two-dimensional approaches of Overman and Scholtz (2002) .
Furthermore, this approach has an application to questions regarding the low CO 2 and low temperature factors that would have limited crop growth rates and thereby limited the advent of agriculture before, during, and immediately after the Last Glacial Maximum (Last Glacial Maximum was about 19,000 to 26,500 years before present; Clark et al., 2009) . For example, this approach might help quantify the limits that climate may have played on the capability of wild crop precursors for producing sufficient food for crop culture to gain a foothold before the last deglaciation and global warming occurred (Prentice and Harrison, 2009; Richerson et al., 2001) . Although simple and direct, the model does fit some of the criteria recommended by Sinclair and Seligman (2000) , namely, the domain of relevance is direct communication with the intended audience, the framework is mathematically mechanistic, and the approach is innovative.
